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ABSTRACT 
Three configurations of concrete columns incorporating fiber reinforced 
plastic (FRP) tubes ·were explored to study their strength, ductility and their 
behavior under cyclic loading. The .use of FRP is attractive because .of its high 
strength, low weight, and resistance to corrosion. The use of FRP~ in some 
cases, also eliminates the need of ·form work in construction. 
In the study, two types of FRP, namely, the filament-wound FRP (F-FRP) 
and the pultruded FRP (P-FRP) were chosen as representative materials. A 
total of 33 columns were tested. For the F-FRP reinforced columns, the results 
are very encouraging. The ultimate strength and the ultimate strain of the 
concrete, in some cases, increased, respectively, 500°/o and 6300°/o. For the 
P-FRP reinforced columns, dJe to the lack of circumferential strength to resist 
pressure exerted by concrete at high strain levels, all specimens failed pre-
maturely. 
A set of theoretical formulas was purposed to estimate the load-carrying 
capacity of the F-FRP reinforced columns. The actual and the predicted 
capacities of the tested columns showed reasonably good agreement. 
However, it is suggested that additional studies be conducted to verify the 
proposed formulas. 
Finally, it is concluded that the use of F-FRP tube as the primary 
reinforcement of concrete is feasible and further research should be carried out 
to permit practical application of the new concept. 
1 
1. INTRODUCTION 
In recent_ years, there have been several new materials classified as 
composite plastics introduced to the public and available for industrial 
applications. These materials, especially the fiber-reinforced plastics (FRP), 
have been widely used in many areas ranging from sport to space industries. 
In civil engineering, however, the use of FRP is still very limit. At the present 
time, most ongoing research activities are focused on the use of FRP itself as 
a structural material, and only very limited studies have explored the feasibility 
of combining FRP with other construction materials. 
1 .1 Objective of the Study 
The purpose of this study was to explore the feasibility of using FRP 
tubes as reinforcement to improve strength and ductility of concrete under 
compression. 
1.2 Research Significance 
The study provides an initial background toward the understanding of the 
behavior of FRP reinforced concrete columns. Incorporating FRP tube in a 
concrete column is attractive because of its high strength, low weight, and 
superior corrosion resistance. In some cases, the use of FRP tubes can also 
eliminate the need of form work and with the potential of replacing all the 
conventional reinforcing steel in concrete columns. 
1 .3 Scope of the Study 
In this study, the behavior of three configurations of FRP tube reinforced 
2 
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concrete columns 1s explored_. The primary interest is to investigate the 
potential increase in strength and ductility of these columns under axial 
compression. Other interests include the study of overall behavior of FRP 
tubes, with and without concrete, and possible use of the cqmposite columns 
in a seismic-resistant structure. 
3 
2. BACKGROUND 
2.1 Traditional Reinforced Concrete Columns 
A concrete column is generally reinforced by longitudinal steel bars and 
ties or spiral. The concrete inside the ties or spiral is referred as the core and 
is subjected to lateral confinement. The outside concrete, known as the covering 
or shell, is unconfined. 
It is also possible for steel tubes to be used as the primary reinforcement. 
In this case ties or spirals can be eliminated. 
In the case of a tied or spiral column, testing under .axial loading 
conditions [4] has revealed its behavior to be similar to that shown in Fig.1. It 
is explained that an axially loaded column, regardless of the loading history, 
reaches what might be called its yield point around a load of 85°/o of the 
concrete strength, 0.85fc·, plus the yield strength of the longitudinal steel. After 
the yield point is reached, the column cracks along its surface and some or all 
of its covering fall off. Depending upon the amount of ties or spirals, the load-
carrying capacity of the concrete may slowly drift off, be maintained, or exceed 
the so-called yield load, while the displacement rapidly increases. The failure 
of the column occurs when the ties or spirals break. The longitudinal steel bars 
then buckle and diagonal shear failure occurs in the concrete core. 
In the case of a concrete-filled steel tube, a concise review of the 
behavior under load was presented by Knowles and Park [7]. Barnard [1] 
studied the behavior of each component of such a column; namely, the concrete 
4 
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cylinder and the steel tube. It was -reported that the volume of a concrete 
I 
cylinder under compressive loading decreased in the initial stage, up to 96°/o of 
the maximum strength, and increased thereafter. Knowles [8] also found that 
in the range of compressive strain less than 0.002 both the tube and the 
cylinder decreased volumetrically, with the tube decreasing at a slower rate. It 
is implied that when the strain is bel.ow 0.002, there are gaps between the 
concrete and the steel tube. As is generally known, the maximum strength of 
an unconfined concrete cylinder is reached at a: strain of approximate 0.002 
and, afterward, microcracks develop. This leads to a conclusion that in the 
initial range there is no confinement. provided by the steel tube to the concrete 
core, and that the tube simply carries the load as an ordinary longitudinal 
reinforcement. Provided that no pre-mature buckling occurs, confining pressure 
will develop when the axial load and the longitudinal strain increase and the 
microcracks take place. The concrete core then bears against the tube. 
An extensive review of the literature and state-of-the-art research on 
concrete columns confined by ties or spirals is available in the paper presented 
by Sakai and Sheikh [14]. More details about the behavior of concrete-filled-
steel-tube columns can be found in the book edited by Buckner and Viest [2]. 
2.2 Composite Plastics 
A composite material may be defined in several different ways. However, 
three main points are always included in such definitions (5]; namely, 
1. a composite consists of at least two physically distinct and 
5 
mechanically separable materials, 
2. a composite can be made by mixing separate materials in such a way 
that the dispersion of one material in the others can be done in a controlled way 
to achieve the required properties, and 
3. the properties are superior, and possibly unique in some specific· 
aspects, to the properties of the individual components. 
The last point provides the main stimulus for the development of 
composites. In FRP, fibers and plastics with some excellent physical and 
mechanical properties are combined to produce a material with new and 
superior properties. Fibers have very high strength and modulus of elasticity, 
yet, are usually brittle. Plastics may be ductile or brittle, but usually have 
considerable resistance to chemical reactions. By combining fibers and plastics, 
a bulk material is produced with strength and stiffness properties close to those 
of the fibers and with the chemical resistant properties of the plastics. In 
addition, it is possible to achieve some resistance to crack propagation and an 
ability to absorb energy during deformation. The latter issue will be clearly 
demonstrated in the succeedin'g chapters. 
Comparing with conventional materials on the basis of strength, stiffness, 
and, in particular, comparing with metals on the issue of ultimate tensile strain, 
composites do not have clear advantages. However, the advantages of 
composites are elucidated when the weight of materials are taken into 
consideration. The modulus per weight ratio (specific modulus) and the strength 
6 
per weight ratio (specific strength) of composites are much higher than those· 
of the conventional materials having comparable strength (see Table 1 ). It is 
implied that by using composites the weight of structures can be reduced. 
Another advantage of composites is their resistance to chemical attacks, wh.ich 
conventional materials lack. Composites are more suitable than conventional 
material in highly chemical environments. There are, however, several 
disadvantages of using composites, which generally have anisotropic properties. 
Althoug.h it might be viewed as a source of the outstanding property of 
composites, since it allows the possibility of introducing the strength and 
stiffness where it is really required, analysis and design of composites are more 
difficult and demanding. Composites also have a low resistance to heat. Some 
composites suffer from creep .and relaxation effects. Finally, composites have 
considerably high initial costs, compared with most conventional materials. 
2.3 Concrete Columns Incorporating Plastics 
Kurt [9] studied the behavior of concrete-filled plastic pipe columns under 
axial compressive loading. In the study, two types of pipes, namely the 
polyvinyl chloride (PVC) and the acrylonitrile butadiene styrene (ABS), were 
used. The ultimate strength and modulus of elasticity of the pipes were 5930 
psi and 400 ksi for the PVC, and 4275 psi and 219 ksi for the ABS. The moduli 
of elasticity of the pipe materials were thus very low, approximately one-tenth 
of concrete. The load-carry:ing capacity of the columns, therefore, can be 
assumed to be contributed by .the concrete only, with the pipes providing 
7 
confinement to the concrete. For short columns, it was reported that because 
of the confinement effect the concrete strength was increased by 3.25 times the 
burst pressure of the pipe, and the ultimate strain was also significantly 
increased. For the intermediate and long columns, the increase in strength and 
ultimate strain were smaller. The mode of failure of the short and intermediate 
length columns were reported as typical shear failure with the angle of failure 
plane approximately at 45 degrees. The failure was ductile, and in some cases 
acoustic emission occurred. For long columns, the failure mode was buckling. 
Fardis and Khalili [3] studied the behavior of concrete cylinders wrapped 
wrth FRP. In the study, four types of fibers made of glass were used with the 
number of FRP layers wrapped varying from one to five. It was reported that 
the ultimate strength and the ultimate strain of concrete were substantially 
increased with respect to the number of FRP layers. The ultimate strength of 
the cylinders agreed well with the values predicted by the following equation 
suggested by Richart, et al [13], 
I; = fc + 4.1p (2-1) 
and the equation proposed by Newman and Newman [12], 
[ )
0.86 
r: = ~ 1 + 3. 1 ~ (2-2) 
where(' is the confined concrete strength; fc·, the unconfined concrete strength; 
and p, the burst pressure of the confining material. The failure mode was 
8 
reported as fracture of the FRP simultaneously with concrete crushing. 
Miller's experiment [11] modified the work of Fardis and Khalili [3]. In the 
experiment, FRP-prepregs made of glass and graphite were used, and the 
number of FRP layers were limited to one, three, and five. It was reported that 
the ultimate strength and the ultimate strain were increased with respect to the 
number of FRP layers. Comparing glass-FRP and graphite-FRP, the cylinders 
wrapped with graphite-FRP ·had higher strength than those wrap·ped with glass-
FRP. In contrast, the cylinders wrapped with glass-FRP had higher ultimate 
strain .. However, the strength of the cylinders failed to achieve either the value 
estimated by Eq.(2-1) or (2-2). It was explained that the procedures used to 
wind the FRP layers failed to produce a proper bond between the layers. It was 
also suspected that the heat used during curing might have resulted in strength 
degradation of the cylinders. 
9 
3. EXPERIMENT PREPARATION AND TEST PROGRAM 
3.1 Material Description 
Two types of commercial FRP tubes; namely, the filament-wound FRP 
(F-FRP) and the pultruded FRP (P-FRP), were used in the study. F-FRP is 
made by winding continuous fibers on a mandrel surface in a precise geometric 
pattern. Fibers are laid down in an automated fashion so that fiber orientation 
is precisely controlled and repeatable from part to part. Winding is usually 
accomplished by rotating the mandrel while a fiber delivery head is positioned 
about the mandrel to orient the fiber. After the mandrel is wound, the F-FRP 
will be cured and extracted from the mandreL 
The glass fibers of the F-FR.P used in the research were oriented in 53° 
and 127° with respect to the transverse axis of the tube. The resin used was 
anhydride cured epoxy. Currently, the particular F-FRP tubes -used in the study 
is utilized as high pressure line pipes. 
P-FRP is produced by continuous pulling of fiber roving; saturated with 
catalyzed thermoset resin, through a shaped orifice in a heated stee·1 die. As 
the fibers pass through the die, polymerization of the resin occurs to 
continuously form a rigid cured profile corresponding to the die orifice shape. 
A characteristic of the P-FRP products is that they usually have fibers run only 
in one direction. 
For the P-FRP used in this study, it had the main fibers run in the 
longitudinal direction with some short fibers dispersed randomly, and had 
10 
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isophthallic polyester as the resin. This type of P-FRP is utilized mainly as 
structural members, especially in areas where corrosion is a problem. 
More information on composite plastics is available in the book edited by· 
Juran [6] .. 
In the study, two sizes· of each m_aterial were selected as representative. 
The sizes were in term of the outer diameters of the tubes, which were 4.25 in. 
and 6.75 in. for the F-FRP, and 4.0 in. and 6.0 in. for the P-FRP. As a general 
designation, the F-FRP tubes ·having the diameter of 4.25 and 6.75 in. are 
referred as F42 and F67, respectively. Similarly, the two P-FRP tubes are 
designated as P40 and P60. 
3.2 Identification Scheme 
In the experiment, all specimens were identified by using a 2-letter-6-digit 
scheme. The scheme may be described as follow, 
specimen name : L1-L2N1 N2N3N4N5-N5 
where L1 identifies the configuration of the specimen, which will be explained 
in the succeeding section, 
L2 indicates the type of tube material used, F for F-FRP 
and P for P-FRP, 
N1 N2 represents the outside diameter of the specimen given in one-tenth 
of an inch, 
N3N4N5 denotes the height of the specimen in one-tenth of an inch, and 
N6 is the number of the specimen in its series. 
1 1 
3.3 Material Properties and their· Behavior 
3.3.1 FRP Tubes 
As specified in ASTM 03917-84, the cross-sectional dimension of 
FRP may vary up to 20°/o. In. order to obtain an accurate dimensional data set, 
the inside diameter of each specimen, therefore, was measured 3 times at 120° 
apart, and the thickness was measured 6 times at 60° apart. From the 
measurement, it was noticed that the inside diameter of the F-FRP was very 
consistent. However, the thickness varied up to 30°/o from the minimum to the 
maximum value, and is approximately 15°/o from the nominal value. On the 
other hand, the dimension of the P-FRP agreed well with the nominal values. 
The FRP tubes used were tested under direct compression to 
determine their stress-strain (o/E,) relationship, ultimate strength (a,u), ultimate 
strain (Eiu), Poisson's ratio (u,), and secant modulus (E,). A cyclic loop was also 
performed on each specimen to study the tube's behavior during unloading and 
reloading. The tube tests were designated as type T tests in the identification 
scheme. In order to be comparable with the standard concrete cylinder testing, 
the height-to-diameter ratio of 2 was used for all the tube specimens. At the 
mid-height of each specimen, three sets of strain gages, located at 120° apart, 
were attached to measure the longitudinal and circumferential strains. 
For each size of the F-FRP tube, three specimens were tested. 
The numerical results are given ir, Table 2, and typical stress-strain 
relationships are presented in Figs. 2 and 3. Regardless of the fiber orientation, 
12 
the ultimate strength and the ultimate strain were always measured in the 
longitudinal direction of the tube. The secant modulws of the tube was then 
defined as the slope of the line connecting the origin of the stress-strain curve 
to the point where the longitudinal stress equalled to one-half of the ultimate 
strength, and the corresponding Poisson's ratio was the ratio of the transverse 
strain to the longitudinal strain. 
The behavior of the F-FRP under cyclic load is rather unique. 
Unlike most conventional materials, the stiffness of the F-FRP increased after 
undergoing a load cycle. It appears that after passing the unloading point, the 
stress-strain relation of the F-FRP returned to its original path. Just before 
failure, the color of the F-·FRP changed noticeably from dark blue to light blue, 
and acoustic emission was heard. At failure, bulging of the top and the bottom 
of specimen took place, the surface of the tube began to peel off, and diagonal 
shear failure occurred, Fig.4. The bulging, which might have precipitated failure, 
resembled the "elephant foot" type of local buckling occurring in cylindrical shell 
tests. 
For the P-FRP tubes, two specimens were tested for each size 
and the results are given in Table 3 and typical stress-strain relationships are 
shown in Figs.5 and 6. The P-FRP is a linear-elastic and brittle material, no 
significant plastic deformation occurred after undergoing cyclic loading. Prior 
to failure, several series of acoustic emission were always heard. Severe 
crushing and cracking occurred simultaneously at failure with a loud acoustic 
13 
em1ss1on. Figure 7 shows two such tubes after testing. 
Under the assumption that the change of the wall thickness of the 
tubes under compressive loading is negligible, an attempt has been made to 
determine the relation between the applied load and the volume of the test tube. 
The results show that the volume of both the F-FRP and P-FRP materials under 
compressive load is always less than the initial volume. As mention before, the 
volume of ordinary concrete under compression decreases initially, and then 
increases after a strain level of about 0.002 is reached. As will be presented 
later, it is noticed that the Poisson's ratio of concrete is less than those of both 
materials. Consequently, if concrete is cast inside the F-FRP or the P-FRP 
tube, under initial load, gaps should develop between the concrete and the tube. 
After the compressive strain reaches 0.002 the gaps are closed and the tube 
begins to provide confinement to fhe concrete. The ultimate strength of the 
composite columns can then be estimated from Eq.(2-1) or (2-2). 
3.3.2 Concrete 
The concrete mixture used in this study was adopted from the 
work of Yu [16]. The proportion of the concrete mix was 1 part (by weight) of 
type Ill Portland cement, 5.83 parts of combined aggregate, and 0.83 part of 
water with plasticizer. The combined aggregate was made by mixing 6 parts 
of Erie aggregate to 1 part of Jersey sand. The grading of both Erie aggregate 
and Jersey sand are presented in Table 4. The plasticizer called EUCON37 
was used with the dosage of 1 °/o of the volume of water. With the above 
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proportion, the concrete mix yielded a slump of 6-1 /2 in .. 
The specific weight of concrete was 145 pcf and the average 28-
day compressive strength from 6 in. x 12 in. cylinder tests was about 3000 psi. 
The average ultimate strain was. 0.003. The average modulus of elasticity was 
2100 ksi, and the .average Poisson's ratio was 0.15. 
By examine the relation between the appli.ed load and the volume 
change of the cylinder, it has been found that at strain less than 0.002, the 
concrete contracts volumetrically. The volume of the concrete cylinder then 
increases afterwards. 
3.4 Experiment Plan 
Based upon the test result of the FRP tubes; three feasible configurations 
of using the FRP tubes with concrete were planned. These configurations are 
identified as type A, B, and C, and they are shown in Fig.8. Type A is to 
simulate a situation similar to a concrete-filled-ste_el tube, with the tube providi.ng 
confinement to the concrete as well as resisting the applied load. Type Bis to 
simulate a condition similar to an ord.inary spiral reinforced concrete column, 
with the tube acting as both the longitudinal reinforcement and the spiral and 
providing continuous lateral confinement. Type C is the combination of types 
A and B. 
The experiment program was divided into 2 phases as follows: 
Phase I : Short columns of type A and type C with the height-to-
dia,neter ratio of 2. Three specimens per each configuration of each material 
15 
were tested. 
Phase II : Short columns of type B, and long columns of types A, B, and 
C. Based upon the results of phase I, the P-FRP was excluded from this phase 
and the following were tested: 
Two specimens of each size of type B having the height-to-diameter ratio 
of 5, 
Two specimens of type A having the same height as the type B 
specimens described before, 
Three specimens of each size of type B having the height-to-diameter 
ratio of 2, and 
One specimen of type C having the height-to-diameter ratio of 5. 
The dimensional properties of all specimens are presented in Tables 5, 
6, and 7, and the structural properties are given in Tables 8, 9, and 1-0. The 
results of each phase of testing will be discussed in Chapter 4. 
3.5 Specimen Preparation 
3.5.1 Phase I 
All FRP tubes were washed with detergent to remove grease and 
dirt. After washing, the tubes were left dry at room temperature for at least 24 
hours. The verticality of each specimen was controlled with the aid of a steel 
plate which was epoxy bonded to one end of the tube. The plate-and-tube 
assembly was inspected to ensure sound alignment prior to casting. There 
were, however, several tubes failed to remain intact with the base plate on the 
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vibrating table used-during casting. When this happened, the vibrating table 
was stopped and manual compaction was then used. Nine 6 in. x 12 in. 
cylinders were also cast as the controlling specimens. 
After 21-day curing, three sets of strain gages located at 12.0° 
apart were attached at the mid-height of each specimen to measure th~ 
longitudinal and circumferential strains. Prior to the gaging, the specimens were 
sanded manually to rempve the finishing substance on the tube's surface, and 
were subsequently degreased and neutralized with a mild degreaser and a 
neutralizer. The gages were then mounted and checked for soundness. 
Prior to testing, each specimen was properly leveled by applying 
Hydrostone® on the top and bottom surfaces, Fig-.9. The specimen was, then, 
left in the testing machine with a small amount of load on for at least 2 hours. 
After the Hydrostone@ set, the load was taken off and testing begun. 
3.5.2 Phase II 
The same procedures as described in section 3.5.1 were adopted 
except that a two-part rubber toughened structural epoxy called Fusor® 320/322 
was used to bond the steel plate to the tube, and "pinned-end" condition was 
simulated in testing of each specimen by attaching a spherical bearing block to 
the head of every testing machine used. 
3.6 Instrumentation 
Categorized below were the instruments used in the study. 
3.6.1 Testing Machine 
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A. Tinius Olsen 120-kip Universal Testing Machine used to test 
most T specimens, 
B. Baldwin 300-kip Universal Testing Machine used to test 
some of phases I, and II specimens, 
C. Riehle 800-kip Universal Testing Machine used to test the 
remaining phases I and II specimens. 
3.6.2 Data Acquisition System 
A. Kyowa used for the type T testing only, 
B. Megadac 2300 used for phases I and II. 
3.6.3 Strain and Displacement Measuring Devices 
A. CEA-06-SOOUW-120 strain gages 
B. linear voltage displacement transducers (LVDT) 
C. dial gages 
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4. TEST RESULTS AND DISCUSSION 
All specimens were tested under direct compression to determine their 
stress-strain relations.hips, ultimate strength, and ultimate strain. Two load 
cycles, where possible, were performed to study their behavior under cyclic 
loading. The test results are· summarized in Tables 11 to 14 inclusive, and are 
discussed in this chapter. 
4.1 Phase I 
A total of eighteen specimens were tested in this phase. The test results 
are presented in Tables 11 and 13, and the typical load-strain curves are 
depicted in Figs.10, 11 and 12 and Figs.14, 15 and 16. 
4.1.1 F-FRP Reinforced Specimens 
Regardless of configuration, the overall behavior of the F-FRP 
specimens under compression was similar (see Figs.1 O to 12). In the initial 
loading range, both the concrete and tube took part in carrying the load. The 
load-strain curves in these figures show that at point A the slope of the curves 
decreased significantly and became almost parallel to the load-strain curves of 
the tubes. It may be inferred that at this point the concrete in the specimens 
had reached its maximum strength, and thereafter only the tubes continued to 
carry any further applied load. 
Under the unloading and reloading cycle, the stiffness of the 
specimens degraded substantially, but the load-strain curves seemed to return 
to their original path after passing the previous unloading point. As discussed 
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in the previous.chapter, this type of behavior is attributed directly to the behavior 
of the F-FRP material, and may have a beneficial effect in certain applications 
involving cyclic loading. 
Prior to failure, the color of the F-FRP changed noticeably from 
dark to light blue, and several acoustic emission occurred. At failure of each 
specimen, a loud acoustic emission was heard and the F-FRP shell, or the 
outer shell in type C specimens, burst alo.ng the length of the specimens 
(Fig.13). 
It is to mention that during the tests all the displacement 
m.easuring devices and the strain gages mounted on the specimens were out 
of range, and were removed from the site. By assuming that after failure 
concrete did not have elastic rebounding, the length of specimens were 
measured from the bottom to the top surface of concrete. The ultimate strain 
of each specimen was then estimated. Finally, each load-strain curve was 
completed by drawing dotted lines connecting between the last recorded point 
and the estimated ultimate coordinate (Figs.10, 11 and 12). 
As seen in Table 11, the strength of the F-FRP reinforced 
specimen is very impressive. By assuming that the increase in the specimen 
strength was due only to the increase in the strength of concrete by 
confinement, then the confined strength of the concrete can be determined from 
where f/ is the confined concrete strength; P uu, the ultimate load of the 
specimen; P1, the estimated load-carrying capacity of the FRP tube (Table 8); 
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(4-1) 
and Ace, the confined concrete area of the specirnen (Table 5). The average 
confined-to-unconfined-strength ratios were 4.13, 1.53, and 2.40, for the A-
F4_2085, A-F67135, and C-F67135 series, respectively. By using a parameter, 
a, referred to as the burst-pressure-to-confined-concrete-area ratio and defined 
by the following formula: 
a - ( p ) 
Ao, con 
(4-2) 
The test results may be compared. The p and Ac con values to be used are: 
I. 
for type A specimens, pis the burst pressure of the tube, and Ac.con 
is the concrete area, 
for type B specimens, p is the burst pressure of the tube, Ac.con is 
the concrete core area, and 
for type C specimens, p is the burst pressure of the outer tube, 
and Ac.con is the concrete area between the tubes. 
The a ratio of a specimen is a measure of the effectiveness of the tube in 
confining the concrete. A higher ratio means that. the tube is more effective in ~ 
providing the confinement. The average a ratios of the A-F42085, A-F67135, 
and C-F67135 series are 321, 79, and 146, respectively. The experimented 
results appear to be reasonable since the A-F42085 series have the highest 
21 
burst-pressure-to-confined-concrete-area ratio and the A-F67135 series have 
the smallest ratio. The A-F42085 series therefore had the hig·hest confined-to-
unconfined strength ratio and the A-F67135 series had the lowest ratio. 
The test results (given in Table 11) did not agree weir with the 
values predicted by using, 
(4-3) 
where P predict is the. predicted ultimate load, and f/ is the confined concrete 
strength calcurated from Eq.(2-1) or Eq.(2-2). This discrepancy may be caused 
by the fact that the F-FRP had a relatively high value of Young's modulus 
compared· with that of concrete so that a high longitudinal stress presented in 
the F-FRP tube at failure. This stress reduced the burst strength of the F-FRP 
tubes. The actual values of the burst pressure may, there.fore, less than the 
values provided by the manufacturer. 
The ultimate strains of the F-FRP specimens were exceedingly 
large (Table 13). The increases in the ultimate strains of the concrete and the 
tube (over the ultimate strains from the material tests) can be evaluated using 
the ultimate strain ratios defined as follows: 
(4-4) 
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burst-pressure-to-confined-concrete-area ratio and the A-F67135 series have 
the smallest ratio. The A-F42085 series therefore had the highest confined-to-
unconfined strength ratio and the A-F67135 series had the lowest ratio. 
The test results (given ii:, Table 11) did not agree well with the 
values predicted by using, 
( 4-3) 
where P predict is the predicted ultimate load, and fc' is the confined concrete 
strength calcµlated from Eq.(2-1) or Eq.(2-2). This discrepancy may be caused 
by the fact that the F-FRP had a relatively high value of Young's modulus 
compared with that of concrete so that a high longitudinal stress presented in 
the F-FRP tube at failure. This stress reduced the burst strength of the F-FRP 
tubes. The actual values of the burst pressure may, therefore, less than the 
values provided by the manufacturer. 
The ultimate strains of the F-FRP specimens were exceedingly 
large (Table 13). The increases in the ultimate strains of the concrete and the 
tube (over the ultimate strains from the material tests) can be evaluated using 
the ultimate strain ratios defined as follows: 
(4-4) 
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and 
(4-5) 
where Pc and p1 are the ultimate strain ratios of concrete and tube; Ecu and ~u, 
the ultimate strain of the concrete and (outer) tube; and E5P, the ultimate strain 
of the test specimen.. The Pc values were 53.22, 24.56 and 43.11, and ~1 values 
were 5.32, 2.95, and 5.17 for the A-F42085, A-F67135, and C-F67135 
specimens, respectively. The tremendous increase in ductility is believed to be 
due not only to the confining effect provided by the tube to the concrete but also 
to the perimeter support provided by the concrete to the tube. The later 
apparently effectively prevented local buckling of the tube as observed in the 
tube tests. The deformation of the specimens continued and reached those 
extreme values shown in Table 13. 
4.1.2 P-FRP Reinforced Specimens 
The overall behavior of the P-FRP specimens was not different 
from each other (see Figs.14, 15 and 16). In the initial loading stage both 
concrete and P-FRP tube participated in carrying the load. At point A the 
concrete part of each specimen reached the maximum load-carrying capacity. 
Afterwards, only the P-FRP parts continued to carry additional load. 
Under the cyclic loading, the stiffness of the specimens degraded 
significantly, but the load-strain curves seemed to return to their original path 
after passing the previous unloading points. This behavior was also observed 
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·in the F-FRP specimens. 
Prior to failure, some soft acoustic emission were heard. Sudden 
failure occurred when· the tubes split along the longitudinal direction (see 
Fig.17). 
As seen in Tables 11 and 13, the strength and ductility of the P-
FRP reinforced specimens was not as expected. It was explained that becaL:Jse 
there were only short fibers dispersed randomly in the circumferential direction 
of the- P-FR.P, therefore, the P-FRP can not withstand much of the internal 
pressure e.xerted by the volumetric expansion of the concrete. 
Based upon the unsatisfied results and the failure mode, the P-
FRP series were, then, excluded from the rest of the experiment program. 
4.2 Phase II 
Fifteen specimens made of F-FRP tube were experimented. The test 
result are presented in Tables 12 and 14, and the typical load-strain 
relationships are presented in Fig.18, 19, 24 to 27, and 36. 
4.2.1 Type A 
Four type A long columns were tested in this phase. The typical 
load-strain relationship are depicted in Fig.18, and 19. In order to be 
comparable with those corresponding specimens tested in the previous phase, 
each load-strain curve was normalized by dividing with the sum of the estimated 
load carrying capacity of FRP tube and concrete. As seen in Figs.20 and 21, 
the initial behavior of the long columns was similar to that corresponding short 
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cqlumns tested in phase I. However, at the normalized load of roughly 0.40, the 
long column curves drifted away from their counterparts, and reached the 
maximum capacity at the average normalized load of 0.85 for the A-F42300 
series, and 0. 77 for the A-F67450 series. As the loads carried by the long 
columns approached their maximum, the lo_ng columns began to buckle, and at 
the mid-height of each column, the F-FRP tube in the compressive region 
changed color. After reaching maximum, the carrying load of the long columns 
then slowly decreased with rapid increasing of deformation. The tests were 
then stopped when the spherical bearing block contacted the head of the 
testing machine. Finally, pictures showed comparison between the failure 
modes of the short and long columns were taken and presented in Fig.22 and 
23. 
4.2.2 Type 8 
Ten specimens of type B were experimented in this phase. These 
specimens can be classified into 2 categories; namely, the short columns and 
the long· columns. For the short columns, as shown in Fig.24 and 26, it is seen 
that from· the beginning of the load-strain curves to the point denoted as point 
A in the curves, the slope of each curve was steepest. It was because at the 
beginning the F-FRP tube and both concrete core and covering participated in 
carrying the applied load. At point A where the maximum load-carrying 
capacity of the unconfined concrete was reached, the covering of column 
started to spall off. The carrying capacity of the column then decreased and the 
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curve descended rapidly. However, after a short period of time, the column was 
able to regain its integrity and started to resist additional applied load. The 
load-strain curve of the column, at this point, _became parallel to the estimated 
tube curve. Upon the point denoted as point B in Figs.24 and 25 arrived, the 
column failed by fracture of the tube along the height; at about the same time 
bucking also occurred (Figs.3.0 and 31 ). By using Eq.(4-5), the average ultimate 
strain ratio of the concrete core and the tube part were 27.00 and 2.70 for the 
B-F60120 series, and 27.00 and 3.24 for the B-F90180 series. In order to 
compare with the long column case, the ultimate load at point B of each 
specimen was normalized using the sum of the estimated maximum capacity 
of F-FRP tube and concrete (core plus covering). The average normalized 
ultimate load of the short columns was 0.84 and 0.91 for the B-F60120 and the 
B-F90180 series, respectively. 
For the long column case, Fig.25 and 27, the initial behavior of the 
columns was similar to that of the short columns, Fig.28 and 29. However, 
because of buckling, Figs.30 and 31, the average ultimate strain ratio of 
concrete core and the F-FR.P tube reached only 13.33 and 1.33 for the B-
F60300 series and 12.33 and t .48 for the B-F90450 series, and the average 
normalized ultimate load at point B were only 0.58 and 0.55 for the B-F60300 
series and the B-F90450 series, respectively. 
Comparison between the type B columns and their type A 
counterparts was made by .using the same procedures discussed previously in 
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section 4.1 .1. As the result, Figs.32 tq 35, it is concluded that after the covering 
spalled off, type B columns really became ones of type A as previously claimed. 
4.2.3 Type C 
Only one long column of type C having height-to-diameter ratio of 
5 were tested in this phase, and the load-strain curve is plotted in Fig.36. By 
normalizing using the same procedures discussed in section 4.1.1, the load-
strain curve of the long colu.mn was compared to that of the short one of the 
same type, Fig.37. It is seen that both short and long columns of type C 
behaved similarly at the beginning. However, at the normalized load roughly 
0.75, the slope of the long column curve rapidly declined and drifted away from 
the short column curve. The column then started to buckled, however, the load 
carrying capacity was still maintained. Until reached the normalized load of 
0.93 at which the corresponding strain was 0.057 in.fin., fracture of the F-FRP 
tube occurred, and the load-strain curve descended. Finally, picture of the 
buckled long column compared with one of the short columns, was taken and 
shown in Fig.-38. 
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5. THEORE ICAL STRENGTH PREDICTIONS 
5.1 Short Columns 
Based on the test result of phase I, an empirical formula to predict the 
ultimate strength of the F-FRP reinforced columns is developed. By the thought 
that both burst strength of tube and amount of concrete to be confined influence 
the magnitude of confined concrete strength, a parameter called burst-pressure-
to-confined-concrete-area ratio (a) defined by Eq.(4-2) is used in the formula. 
The use of a parameter is appropriate because the confined concrete strength 
should vary directly with the ·value of burst pressure, and vary reversely with the 
amount of the con.crete to be con.fined. By using linear regression analysis, the 
relation between confined and un.confined concrete strength is defined by 
II I fc = fc + 32.334 .(5-1) 
where f/ is the confined concrete strength in psi; f/, the unconfined concrete 
strength in psi; and a, the bursr-pressure-to-confined-concrete-area ratio in lb. 
in.·4 The strength of specimens is, therefore, can be predicted by 
(5-2) 
where f/ is calculated from E.(5-1 ); and Ace, the total concrete area for 
specimen type A and C or the concrete core area for specimen type B. 
5.2 Long Columns 
In order to predict load carrying capacity of a slender FRP reinforced 
column, a buckling formula is needed. To develop such a formula, the following 
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assumptions are made: 
1. column is assumed to be ideally straight, hinged at both ends, and the 
applied load passes through the centroid of the column section, 
2. creep and shrinkage effects are very small and negligible, and 
3. behavior of the FRP tubes in triaxial state of stress can be estimated 
from the behavior of the FRP tubes under direct compression. 
By using the tangent modulus method, the equilibrium condition of 
column at the critical state can be expressed math?m~tically by, 
(5-3) 
where Ecc is the tangent modulus of confined concrete.; E" the tangent modulus 
of FRP tube; le, the moment of inertia of concrete section; 111 the moment of 
inertia of FRP section; y, the displacement of column in transverse direction; 
and Peri the critical load at which bifurcation occurs. The solution of the above 
equation gives the following expression for critical load: 
5.2.1 Stress-Strain Relationships 
1. Concrete 
(5-4) 
In this study, the stress-strain relationship of confined 
concrete used by Mander, et al [1 O] is adopted with some modifications. The 
relationship is defined by the following equations, 
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f 11lr f = __ c__ _ 
C 
where fc = ·the confined concrete stress in psi, 
Ee = the confined concrete strain corresponding to fc, 
f/ = the conf.ined concrete strength defined by 
fi = f{-1 I 2 54 + 2 I 2 54 1 +7 I 94 p - 2 p l 
f' £' C C 
fc_1 = lhe unconfined concrete strength in psi, 
(5-5) 
(5-6) 
Ecc = the confined conc_rete strain corresponding to f/ defined by, 
(5-7) 
Eco = the unconfined concrete strain corresponding to f/, for this study, 
Eco = 0.0025, 
A is. defined by 
(5-8.) 
r is defined by 
(5-9) 
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Ee is the modulus of unconfined concrete in psi, in this study, 
(5-10) 
Esec is defined by 
:E" C (5-11) 
f = £" C C (5,...12) 
The above relationship is also presented graphically in Fig.39. 
2. FRP Tubes 
Due to elimination of the P-FRP tubes at the end of phase I, 
therefore, only the stress-strain relationships of the F-FRP tubes are of interest. 
From the tube tests mentioned in section 3.3.1, and also from the observation 
of the behavior of all phase II specimens, the following equations are 
developed. 
For F42 tubes, 
when O < Et < 0.025, 
(5-13) 
when Et> 0.025, 
0 t = 1808 t + 14 I 70 (5-14) 
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for F67 tubes, 
when O < £1 < 0.025, 
at = 2600et-132000e:lt+3. 4x10 6 e 3t-'-36. 3x10 6 «4t (5-15) 
when £1 > 0.025, 
at - 106. 25e t + 18. 79 (5-16) 
The stress-strain relationships of both tubes are also depicted in 
Fig.40 and 41. 
5.3 Comparison with the Test Results 
By using the lesser value calculating from Eq.(5-2) and (5-4), the ultimate 
load carrying capacity of F-FRP reinforced columns can be estimated, Table 11 
and 12. The average estimated-to-actual-ultimate-load ratio was 0.88 for the 
specimens using F42 tubes, 1.05 for the specimens using F67 tubes, and 1.03 
for specimens using both F42 and F67 tubes. 
It is seen that the method developed herein produced a reasonably 
accurate estimation. However, as seen in Table 11 and 12, there were some 
fluctuation of the estimated values. These fluctuations might be resulted from 
combination of several reasons; for instances, 
1. dimensions of the F-FRP tubes used in this study were estimated, 
since the actual values varied somewhat randomly, 
2. properties of the F-FRP tubes under triaxial state of stress were 
estimated since the actual ones were not known, 
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3. height of column, as generally known, affects the properties of 
concrete. 
4. the magnitude of confinement provided by the F,.FRP tubes could vary 
with the level of strain of the columns. 
There.fore, it is recommended that carefulness must be exercised in using these 
formulas, and more in-depth investigations should be done in order to achieve 
a more reliable set of formulas. 
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6. CONCLUSIONS 
This study presents the results of an interesting structural concept for 
column design. It demonstrates that the use of F-FRP tube as the primary 
reinforcement is indeed feasible. Further research is recommended to evaluate 
effects of parameters such as: other concrete design strengths, other types of 
.r 
FRP·tube, and long-term environmental and loading condition. Incorporating F-
FRP tube to an existing column is also another issue to be considered. Based 
on· the results of this study, the following conclusions can be made: 
1. The behavior of the F-FRP tube under cyclic· compressive loading is 
unique. Unlike most conventional materials, the stiffness of the tube increases 
and the load-strain curve returns to its original path after undergoing the load 
cycle. The latter behavior was also observed in both F-FRP and P-FRP 
reinforced specimens. 
2. The P-FRP tube is a linear-elastic and brittle material. There was no 
significant plastic deformation observed after undergoing the load cycle. 
3. The use of F-FRP tube as the primary reinforcement increased both 
strength and ductility of concrete significantly. 
4. The perimeter support provided by concrete to the F-FRP tube 
prevented local buckling of the tube. The ductility of the tube, therefore, 
noticeably increased. 
5. The load-carrying capacity of the F-FRP reinforced specimens can be 
estimated with a reasonable accuracy using the theoretical formulas presented 
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in this study. 
6. The F-FRP reinforced specimen had inherent safety features. 
Noticeable change of color of the tube and acoustic emission were always 
observed. during the tests be.fore total collapse occurred. 
7. Due to lack of circumferential strength, the P-FRP reinforced 
specimens failed by sudden splitting of the tube along the height of the 
specimen. Increasing in concrete strength due to confinement effect, therefore, 
did not occurred. The use of the P-FRP tube as a primary reinforcing material 
is then not practical. 
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Table 1 Comparison of Some Typical Properties of Engineering Materials at 2o·c 
(Taken from Reference 5) 
Material Density Young's 
Modulus 
(Mg/cu.m) (GN/sq.m) 
1 . High Strength 280 72 
Al Zn-Mg Alloy 
2. 0Jend1ed and Tempered 785 207 
I ow Alloy Steel 
3. Nylon 6 fi 1.14 2 
4. Glass Fillorl Nylon 1.4 i' 14 
(VI= 0.25) 
5. Carbon Fibre-Epoxy Resin 
Unidirectional Laminae 
(VI= 0.60) 
(i) Parallel to Fibres 1.62 220 
(ii) Perpendirular to Fibres 1.62 7 
6._Glass Fibre-Polyester Resin 
Unidirectional Laminae 
(VI= 0.50) 
(i) Parallel to Fibres 1.93 38 
(ii) Perpendicular to Fibres 1.93 10 
Remark : VI is the volume fraction of fibres. 
• 
.\ 
Tensile 
Strength 
(MN/sq.m) 
503 
600 - 20:>0 
70 
201 
1400 
38 
750 
22 
Specific 
Young's 
Modulus 
(GN/sq.m) 
25.7 
?64 
1.8 
g5 
135 
4.3 
19.7 
5.2 
Specific 
Tensile 
Strength 
(Mn/sq.m) 
180 
76 - 261 
61 
141 
865 
23.5 
390 
11 .4 
Table 2 F-FRP Properties 
Specimen Ult. Ult. Secant Poisson's Burst 
Strength Strain Modulus Ratio Pressure 
(ksi) (in.fin.) (ksl) (psi) 
T-F42085-1 20.75 0.030 NIA NIA 3560 
T-F42085-2 19.38 0.030 1198 0.55 . 
T-F42085-3 20.17 0.032 1269 0.57 . 
Average 20.10 0.030 1234 0.56 3560 
T-F67135-1 24.84 0.025 1420 0.33 2375 
T-F67135-2 18.39 0.023 1655 NIA . 
T-F67135-3 21.02 0.028 1548 0.44 . 
Average 21.41 0.025 1541 0.39 2375 
Remark : The burst pressure values were supplied by the manufacturer. 
Table 3 P-FRP Properties 
Specimen Ult. Utt. Secant Poisson's 
Strength Strain Modulus Ratio 
(ksi) (in./in.) (ksi) 
T-P40080-1 32.75 0.009 3986 0.35 
T-P40080-2 35.09 0.010 3760 0.29 
Average 33.92 0.010 3873 0.32 
T-P60120-1 28.89 0.008 3930 0.29 
T-P60120-2 28.37 0.008 3681 0.35 
Average 28.63 0.008 3806 0.32 
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Table 4 Aggregate Gradation 
Sieve Erie Aggregate Jersey Sand 
Size Amount Passing Amount Passing 
Retained Retained 
(No.) (g) (o/o) (g) (o/o) 
4 107 89.2 0 100.0 
8 396 49.2 29 97.1 
16 326 16.4 53 91.8 
30 113 4.9 155 76.2 
50 31 1.8 459 30.1 
100 1 1 0.7 260 3.9 
Pan 7 39 
Total 991 995 
40 
Table 5 Dimensional Properties of Type A Specimens 
Specimen Height, (H) Diameter, (D) HID Area 
Tube, (At) Concrete, (Ace) AUAcc 
(in.) (in.) (sq.in.) (sq.in.) (%) 
A-F42085-1 8.5 4.25 2.00 2.84 11.09 25.6 
A-F42085-2 8.5 4.25 2.00 2.90 11.09 26.1 
A-F42085-3 8.5 4.25 2.00 2.85 11.10 25.7 
A-F42300-1 30.0 4.25 7.06 2.89 11.10 26.0 
A-F42300-2 30.0 4.25 7.06 2.93 11.11 26.4 
AT67135-1 13.5 6.75 2.00 4.68 30.17 15.5 
A-F67135-2 13.5 6.75 2.00 4.73 30.21 15.7 
A-F67135-3 13.5 6.75 2.00 4.71 30.20 15.6 
A-F67450-1 45.0 6.75 6.67 6.29 30.07 20.9 
A-F67450-2 45.0 6.75 6.67 7.96 30.07 26.5 
A-P40080-1 8.0 4.00 2.00 2.87 9.67 29.7 
A-P40080-2 8.0 4.00 2.00 2.87 9.68 29.6 
A-P40080-3 8.0 4.00 2.00 2.85 9.72 29.3 
A-P60120-1 12.0 6.00 2.00 4.41 23.76 18.6 
A-P60120-2 12.0 6.00 2.00 4.45 23.75 18.7 
A-P60120-3 12.0 6.00 2.00 4.43 23.74 18.7 
Tab.le 6 Dimensional Properties of Type B Specimens 
Specimen Height, (H) Diameter Height Area 
to 
01 02 Diameter Tube, (At) Concrete AUAcc At/(Acc+Acov) . 
Ratio 
Core, (Ace) Covering, (Acov) 
H / D1 H / 02 
(in.) (in.) (In.) (sq.in.) (sq.in.) (sq.in.) (%) (%) 
G-F60120-1 12.0 6.00 4.25 2.00 2.82 2.93 11.08 14.26 26.44 11.56 
B-F60120-2 12.0 6.00 4.25 2.00 2.82 2.94 11.09 14.24 26.47 11.59 
B-F60120-3 12.0 6.00 4.25 2.00 2.82 2.92 11.09 14.27 26.31 11.51 
B-F60300-1 30.0 6.00 4.25 5.00 7.06 3.32 11.07 13.89 29.97 13.29 
B-F60300-2 30.0 6.00 4.25 5.00 7.06 2.85 11.07 14.35 25.79 11.23 
B-F90180-1 18.0 9.00 6.75 2.00 2.67 5.00 30.07 28.54 16.64 8.54 
B-F90180-2 18.0 9.00 6.75 2.00 2.67 6.81 30.07 26.74 22.65 11.99 
B-F90180-3 18.0 9.00 6.75 2.00 2.67 6.19 30.07 27.35 20.60 10.79 
B-F90450-1 45.0 9.00 6.75 5.00 6.67 6.42 30.07 27.13 21.34 11.22 
B-F90450-2 45.0 9.00 6.75 5.00 6.67 6.13 30.07 27.41 20.40 10.67 
Table 7 Dimensional Properties of Type C Specimens 
Specirnon Hoight, (H) Dia mot er Height Area 
to 
01 02 Diameter Tube Concrete At/Ace 
Ratio 
lnnor Outor At lnnor Outer Ace 
Tuhe, (At,in) Tuho, (At,ou) (At,in + At,ou) Coro, (Ac,in) Core, (Ac,ou) (Ac,in + Ac,ou) 
H / D1 H / 02 
(in.) (in.) (in.) (sq.in.) (sq.in.) (sq.in.) (sq.in.) (sq.in.) (sq.in.) (%) 
C-F67135-1 135 6.75 4.25 200 3.18 2.88 4.97 7.85 11.10 16.24 27.34 28.7 
C-F67135-2 13.5 6.75 4.25 2 00 3.18 2.92 4 86 7.78 11.10 16.19 27.30 28.5 
C-F67135-3 13.5 6.75 4 .25 ? 00 3.18 2 93 4.77 7.70 11.10 16.22 27.32 28.2 
C-F6733/-1 33.7 t:i/5 4 ')C: ,:> 5 00 7 -~l:3 2.97 5.01 7.98 11.09 16.20 27.29 29.2 
C-P60120-1 12.0 6.00 400 200 3.00 2.91 4.46 7.37 9.66 11.19 20.85 35.3 
C-P60120-2 12 0 6 00 4 00 2.00 300 2.89 4.45 7.34 9.68 11.17 20.85 35.2 
C-P601203 12 0 6 00 4.00 2.00 300 2.88 4.41 7.30 9.68 11.21 20.89 34.9 
Table 8 Structural Properties of Type A Specimens 
Specimen Strength Moment of Inertia p / Ace Eq. 
Tube Concrete Combined Tube Concrete (4-2) 
(ksi) (kip) (psi) (kip) (kip) (in. "4) (in."4) (psi/sq.in.) 
A-F42085-1 20.10 57.1 3343 37.1 94.2 - - 321 
A F42085 2 20.10 58.3 3261 36.2 94.5 - - 321 
A F42085 3 2010 57.3 3383 376 94.8 - - 32l 
A F42300 1 20 10 580 3224 35.8 938 5.76 9.81 321 
A F42300 2 20.10 589 3598 40.0 98.9 5.82 9·82 320 
A-F67135 1 21.41 100.2 3302 99.6 199.8 - - 79 
A-F67135-2 21.41 101.3 3588 108.4 200.7 - - 79 
A-F67135-3 21.41 100.8 3506 105.9 206.7 -
- 79 
A-F67450-1 21.41 134.6 3352 100.8 235.4 33.23 71.95 79 
A-F67450-2 21.41 170.5 3598 108.2 278.7 43.15 71.95 79
 
A-P40080-1 33.92 97.3 3506 33.9 131.2 -
- NIA 
A-P40080-2 33.92 97.3 3506 33.9 131.2 - - NIA 
A-P40080-3 33.92 96.6 3302 32.1 128.6 - - NIA 
A-P60120-1 28.63 126.2 3588 85.2 211.5 - - NIA 
A-P60120-2 28.63 127.3 3629 86.2 213.5 - - NIA 
A-P60120-3 28.63 126.8 3302 78.4 205.2 - - NIA 
Table 9 Structural Properties of Type B Specimens 
Specimen Strength 
Moment of Inertia p / Ace 
Tube Concrete Combined Tube 
Concrete Eq. 
Core Core w/ Core Core wi Core Core w/ (4-2) 
Only Covering Only Covering Only Covering 
(ksi) (kip) (psi) (kip) (kip) (kip) (kip) (in."4) (in"4) (if"'!."4) (psi/s
q.in.) 
B F60120-1 20.10 58.9 3224 35.7 81.7 94.6 14
0.6 - - - 321 
B-F60120-2 20.10 59.0 3309 36.7 83.8 95.8 
142.9 - - - 321 
B-F60120-3 20. 10 58.7 3504 38.9 88.8 97.5 
147.5 - - - 321 
B-F60300-1 20.10 66.7 3598 39.8 89.8 106.5 
156.5 6.72 9.75 56.90 322 
B-F60300-2 20.10 57.4 3267 36.2 83.0 93.5 
140.4 5.67 9.74 57.94 322 
B-F90180-1 21.41 107.1 3309 99.5 194.0 206.6 
301.1 - - - 79 _. 
B-F90180-2 21.41 145.8 3551 106.8 201.7 252.6 
347.5 - - - 79 
B-F90180-3 21.41 132.6 3598 108.2 206.6 240.8 
339.2 - - - 79 
B-F90450-1 21.41 137.4 3352 100.8 191.7 238.1 
329.1 33.98 71.95 288.09 79 
B-F90450-2 21.41 131.3 3646 109.6 209.6 241.0 340
.9 32.35 71.95 289.71 79 
Table 1 O Structural Properties of Type C Specimens 
Specimen Strenqth Moment of .Inertia e 
Ac,ou 
Tube Concrete Combined Inner Outer Concrete 
Tube Tube Eq. 
Inner Tube Outer Tube (4-2) 
(ksi) (kip) (ksi) (kip) (psi) (kip) (kip) (in."4) (in."4) (in. "4) (psi/sq.in.) 
C-F67135-1 20.10 57.9 21.41 106.4 3383 92.5 256.8 - - - 146 
C-F67135-2 20.10 58.6 21.41 104.1 3547 96.8 259.6 - - - 147 
C-F67135-3 20.10 58.8 21.41 102.2 3588 98.0 259.1 - - - 146 
C-F67337-1 20.10 59.7 21.41 107.2 3352 91.5 258.4 5.94 26.10 66.90 147 
C-P60120-1 33.92 98.7 28.63 127.6 3547 74.0 300.3 - - - NIA 
C-P60120-2 33.92 98.0 28.63 127.4 3506 73.1 298.4 - - - NIA 
C-P60120-3 33.92 97.8 28.63 126.4 3629 75.8 300.0 - - - NIA 
Table 11 Uttimate Strength of Phase I Specimens 
Specimen Actual Ult.Load r·c f'c I f'c Predicted Ult. Load 
Eq. Eq. Eq. 
(2-1) (2-2) (5-2) 
Pu Pu/(Pt+Pc) 
(kip) (psi) (kip) (kip) (kip) 
-A F42085-1 192 5 2 04 12211 3.65 2560 2390 209.2 
Al42085 2 193 5 2.05 12192 3./4 256.3 238.7 209.5 
AF420B5 3 245 5 2 59 169~>6 501 256.9 240.0 2100 
A I b/1'.lS 1 ;>'.\q 5 1 ?O 4617 140 493 6 4775 2/6 9 
A r61135 2 2/0 8 1.29 5612 156 5038 490.9 286 8 
A r6l1353 274 2 1 33 5740 164 5008 487 0 283 9 
CT67135-1 3620 1.41 7232 2.14 523.0 5092 385.8 
C-F67135-2 357.3 1.38 7128 2.01 525.3 513.3 389.3 
C-F67135-3 4594 1.77 10921 3.04 525.1 513.4 388.0 
A-P40080-1 96.0 0.73 NIA. NIA' NIA .. NIA .. NI
A .. 
A-P40080-2 117.5 0.90 NIA· NIA' NIA·' NIA•' NIA'· 
A-P40080-3 893 069 NIA' NIA' NIA'· NIA .. NIA .. 
A-P60120-1 141.0 0.67 NIA' NIA• NIA .. NIA .. NIA .. 
A-P60120-2 143.0 067 NIA. NIA· NIA .. NIA" NIA .. 
A-P60120-3 185.0 0.90 NIA' NIA' NIA'' NIA" NIA" 
C-P60120-1 240.0 0.80 NIA' NIA' NIA" NIA" NIA" 
C-P60120-2 249.2 0.84 NIA' NIA' NIA" NIA" NIA'' 
C-P60120-3 185.0 0.62 NIA' NIA' NIA" NIA" NIA" 
Remark: • Each P-FRP specimen failed by splitting along its longitudinal direction . 
.. The burst pressure of the P-FRP material is not available. 
Actual Load 
15redkted Coad 
Eq. Eq. Eq. 
(2-1) (2-2) (5-2) 
0.75 081 0.92 
0.75 0.81 092 
0.96 1 02 1.17 
0.49 050 0.87 
0.54 055 0.94 
0.55 056 0.97 
0.69 0.71 0.94 
0.68 0.70 092 
0.87 0.89 1.18 
- -
-
-
- -
-
-
-
- -
-
-
-
-
-
- -
- -
-
- -
-
-
-
-
Table 12 Ultimate Strength of Phase II Specimens 
Specimen Failure Load Pu* Pu* f'c f"c I f'c Predicted Ult. Load 
(Pt+Pc,w) (Pt+Pc,w/o) 
Eq. Eq. 
w/ w/o (2-1) (2-2) 
Coverinq 
~ 
Covering 
(Pu) 
(kip) (kip) (psi) (kip) (kip) 
A r42300 1 71.2 0.82 NIA" NIA" 255.9 2381 
A-f 42300 2 85 8 0.87 NIA•• NIA'' 261.1 245.5 
A-F67450 1 1 Tl 0 0.75 NtA·' NIA'' 528.2 512.7 
A-F67450 2 2163 0.78 NIN' NIA·· 571.5 558.7 
B-F60120-1 93.3 111 .8 0.80 1.18 4775 1.48 256_3 238.6 
B-F60120-2 84.5 126_7 0.89 1.32 6098 1.84 257.7 240_4 
B-F60120-3 94.1 121 .0 0.82 1.24 5622 1.60 259.4 243.3 
B-F60300-1 80.0 90.0 0.58 0.85 NIA·· NIA·· 268.0 252.5 
8-F60300-2 83.8 79.9 0.57 0.85 NIA •• NIA•• 255.0 237.5 
B-F90180-1 195.8 229.6 0.76 1.11 4073 1.23 499.4 483.4 
B-F90180-2 182.3 344.4 099 1.36 6604 1.86 545.4 532.1 
B-F90180-3 189.1 334.3 0.99 1.39 6707 1.86 533.6 520.9 
B-F90450-1 192.5 180.0 0.55 0.76 NIA'· NIA·· 530.9 515.4 
B-F90450-2 196.4 186.8 0.55 0.78 NIA'· NIA·· 533.8 521.5 
C-F67337-1 - 239.7 - 0.93 NIA•• NIA" 524.1 510.0 
Remark : * Pc,w is the ult. load of roncrete calculated using the total area of conaete section, and 
Pc,w/o is the ult. load of concrete computed using only the concrete core area. 
•• The specimen failed by buckling. 
Eq. 
(~2) 
or 
(5-4) 
(kip) 
71.0 
74 0 
196.0 
257_0 
96.0 
97.0 
99.0 
81.0 
81.0 
242.0 
297.0 
283.0 
220.0 
199.0 
247 
Actual Load 
Prea1cfea [oad 
Eq. Eq. Eq. 
(2-1) (2-2) (5-2) 
or 
(5-4) 
0.30 0 32 0.92 
0.33 0.35 0.86 
034 0.35 1.11 
0.38 0.39 1.19 
0.44 0.47 0.86 
0.49 0.53 0.77 
0.47 0.50 0.82 
0.34 0.36 0.90 
0.31 0.34 1.01 
0.46 0.47 1.05 
0.63 0.65 0.86 
0.63 0.64 0.85 
0.34 0.35 1.22 
0.35 0.36 1.07 
0.46 0.47 1.03 
Table 1. 3 Ultimate Strain o·t Phase I Specimens 
Specimen Actual Ult. Strain Ratio 
Ult. Strain 
Concrete Tube 
(in./in.) 
A-F42085-1 0.122 40.67 4.07 
A-F42085-2 0.168 56.00 5.60 
A-F42085-3 0.189 63.00 6.30 
A-F67135-1 0.037 12.33 1.48 
A-F67135-2 0.089 29.67 3.56 
A-F67135-3 0.095 31.67 3.80 
C-F67135-1 0.137 45.67 5.48 
C-F67135-2 0.153 51.00 6.12 
C-F67135-3 0.098 32.67 3.92 
A-P40080-1 0.006 2.00 0.60 
A-P40080-2 0.008 2.67 0.80 
A-P40080-3 0.005 1.67 0.50 
A-P60120-1 0.005 1.67 0.63 
A-P60120-2 0.005 1.67 0.63 
A-P60120-3 0.005 1.67 0.63 
C-P60120-1 0.005 1.67 0.63 
C-P60120-2 0.004 1.33 0.50 
C-P60120-3 0.004 1.33 0.50 
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Table 14 .Ultimate Strain of Phase II Specimens 
Specimen Strain at Failure Ult. Strain Ratio 
w/ w/o Concrete Tube 
Covering Covering 
(in.fin.) (in.fin.) 
A-F42300-1 - 0.029 9.67 0.97 
A-F42300-2 - 0.020 6.67 0.67 
A-F67450-1 - 0.019 NIA NIA 
A-F67450-2 - 0.030 NIA NIA 
B-F60120-1 0.005 0.056 18.67 1.87 
B-F60120-2 0.003 0.089 29.67 2.97 
B-F60120-3 0.005 0.098 32.67 3.27 
B-F60300-1 NIA NIA NIA NIA 
B-F60300-2 0.002 0.040 13.33 1.33 
B-F90180-1 0.005 0.081 27.00 3.24 
B-F90180-2 0.005 NIA NIA NIA 
B-F90180-3 0.007 NIA NIA NIA 
B-F90450-1 0.004 NIA NIA NIA 
B-F90450-2 0.003 0.037 12.33 1.48 
C-F67337-1 - 0.057 19.00 2.28 
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Figure 4 Typical Failure of the F-FRP Tubes Tested under Direct 
Compression 
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Figure 4 Typical Failure of tile F-FRP Tubes Tested under Direct 
Compression 
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Figure 7 Failure of the P-FRP Tubes Tested under Direct Compression 
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Figure 7 Failure of the P-FRP Tubes Tested under Direct Compression 
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Figure 9 a Specimen with Hydrostone® on Top and Bottom 
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Figure 9 a Specirncn with Hydrostone' '. on Top and Bottom 
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Figure 13 Typical Modes of Failure of C-F67135, A-F42085, and 
A-F67135 Specimens 
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Figure 13 Typical Modes of Failure of C-F67135, A-F42085, and 
A-F67135 Specimens 
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Figure 17 Typical Modes of Failure of C-P60120, A-P60120, and 
A-P40080 Specimens 
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Figure 17 Typical Modes of Failure of C-P60120, A-P60120, and 
A-P40080 Specimens 
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Figure 22 Comparison of Failure Modes of A-F42300 and 
A-F42085 Specimens 
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Figure 23 Comparison of Failure Modes of A-F67450 and 
A-F67135 Specimens 
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Figure 23 Comparison of Failure Modes of A-F67450 and 
A·F67135 Specin1ens 
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Figure 27 Typical Load-Strain Relationship of B-F90450 Specimens 
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Figure 30 Comparison of Failure Modes of B-F60300 and 
B-F60120 Specimens 
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Figure 30 Comparison of Failure Modes of B-F60300 and 
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Figure 31 Comparison of Failure Modes of B-F90450 and 
B-F90180 Specimens 
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Figure 31 Comparison of Failure Modes of B-F90450 and 
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Figure 33 Comparison of Load-Strain Relationships of A-F67450 and 
B-F90450 Specimens 
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Figure 34 Failure Mode of B-F60300 and A-F42300 Specimens 
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Figure 34 Failure Mode of 8-F60300 and A-F42300 Specirnens 
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Figure 35 Failure Mode of A-F67450 and B-F90450 Specimens 
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Figure 38 Failure Mode of C-F67135 and C-F67337 Specimens 
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Figure 38 Failure Mode of C-F67135 and C-F67337 Specimens 
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Figure 40 Theoretical Stress-Strain Relationship of F42 Tube 
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